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ABSTRACT
Current U.S. National guidelines allow for the collection of sexual assault evidence up to 5 days
after the incidence occurs. In these cases, the ability to obtain an autosomal STR (aSTR) profile
of the male donor in these cases diminishes as the time interval increases. This inability to
recover an aSTR profile from the semen donor is not due to a complete lack of sperm cells, as
studies have frequently shown that sperm persists in the vaginal canal or cervix up to 10 days
post coitus. Thus, the inability to recover an aSTR profile of the sperm donor is likely due to a
low quantity of sperm cells and/or degradation of sperm cells, which pose significant problems
to existing DNA extraction and typing methods. A typical DNA workflow for this type of
evidence in a forensic casework laboratory includes the use of a differential extraction to
separate sperm cells from non-sperm cells. These often harsh extraction methods can cause
degraded and fragile sperm cells to be prematurely lysed into the non-sperm cell fraction. The
significant amounts of vaginal epithelial cells in the sample can overwhelm the minute number
of sperm cells present in this fraction, resulting in a complete masking of the male profile. For
most sexual assault samples collected more than 48-72 hours after an incident, Y-STR analysis
might be used instead of aSTR analysis, as it allows for an increased time frame of DNA
recovery by detecting only the male donor Y-haplotype, circumventing the need for a differential
extraction and avoiding potential competition during amplification. However, Y-STR loci are
part of the non-recombining region of the Y-chromosome, and thus do not have the same
discrimination power of aSTR loci. Therefore, enhanced methods for the recovery of sperm cells
that allow researchers to bypass the limitations of a typical DNA workflow and obtain an aSTR
profile need to be developed. This study aimed to do so by utilizing enhanced, non-standard
methods to collect individual sperm cells via direct physical recovery from semen containing
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samples. Optimized direct lysis and micro-volume aSTR amplification were also used in order to
obtain DNA profiles of the sperm donor. The quality of the obtained DNA profiles was evaluated
using metrics such as allele recovery, stutter occurrence and percentage, and drop-in allele levels.
Using these developed methods, the ability to analyze single sperm cells was demonstrated and
the minimum number of sperm cells required in order to obtain probative and reliable DNA
profiles was determined.
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CHAPTER 1: INTRODUCTION
DNA profiling is considered the gold standard of forensics [1], as it allows for the
identification of individuals involved in a crime. In sexual assault cases, identification of the
male perpetrator is critical for the prosecution of such criminal cases [2]. Therefore, it is
imperative to isolate sperm cells from other epithelial cells in the sample to obtain a singlesource profile of the male donor [3-6]. If the cell types are not successfully separated, the major
contributor (typically the victim) can cause titration of PCR reagents during amplification, which
effectively masks the male DNA in the sample [7]. In order to perform such a separation,
forensic laboratories will typically use a differential extraction (Figure 1) to separate non-sperm
cells (consisting primarily vaginal epithelial cells obtained from the victim, as well as male
epithelial cells) from sperm cells [4-6], allowing the analysts to amplify the two groups
separately. This is achieved by utilizing the difference in the composition and structure of the
nuclear membranes of either cell type, as epithelial cells will preferentially lyse while sperm
cells require the addition of a reducing agent, such as dithiothreitol (DTT) for complete lysis [46].

Non-sperm
fraction

Sperm
fraction

Figure 1: Differential extraction workflow
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Sexual assault victims might not report an assault immediately (i.e. within the 5 day
evidence collection period), due to a variety of reasons such as incapacitation via drugs or
alcohol, fear to come forward, or the inability to recognize and report the assault, which often
occurs in cases with young children [8, 9]. In these instances, the sperm cells might have been
subjected to vaginal lavage and drainage, menstruation, and/or general degradation from the
cervicovaginal environment [10-14]. Performing a differential extraction in these instances is not
always possible or successful, as the sperm cells are fragile and have the potential to prematurely
lyse, resulting in a loss of sample into the non-sperm fraction [7, 10, 15]. In cases where
performing a differential extraction is not possible, an alternative option for analysis of these
samples is the use of Y-chromosome STR (Y-STR) analysis [10, 16-23]. Y-STR analysis
amplifies short tandem repeats found on the Y-chromosome. Short tandem repeats (STR) are
DNA regions with repeat units that are 2-6 base pairs long [24]. The number of repeat units in an
STR is highly polymorphic, which makes them extremely effective for human identification. YSTR analysis eliminates the need for separation of the male cells from the sample, as the
amplification process only targets male DNA [10, 16-22].

Y-STR typing is a valuable tool in forensics and has allowed for the extension of the time
interval in which we are able to obtain probative profiles from sperm donors in extended postcoital time intervals [10, 20-22]. While the use of Y-STR analysis is valuable to forensic
analysts, the loci in Y-STR analysis are not independent of each other and therefore have a low
discriminatory power, as the males in one lineage are likely to have the same Y-STR profile [16,
19, 23, 24]. Since Y-STR loci are not independent of each other, Y-STR genotype frequencies in
a population cannot be generated using the product rule. Instead, the counting method is used
which observes the number of times a haplotype is seen in a database size of N [23]. While there
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are several Y-STR databases in the U.S., these databases are limited in the number of samples
and loci provided and thus are limited in their overall usefulness. For this reason, the gold
standard of DNA profiling is autosomal STR (aSTR) analysis, which consists of amplified STRs
found on autosomal chromosomes [24]. Autosomal STR loci are inherited independently, which
allows for greater variation in DNA profiles [25-27]. When aSTR profiles are used, the profiles
obtained can be evaluated for discriminatory power by calculating the random match probability
(RMP) [6, 25-27]. The RMP is calculated using the product rule to combine the frequency of a
genotype at each locus analyzed. The frequency of a heterozygote genotype (f) is calculated for
alleles “p” and “q” using the equation f=2pq [6, 25]. The frequency of a homozygous genotype
(f) is calculated for allele “p” using the equation f=p2 + p(1-p)θ where θ=0.01 for the general
population [6, 25]. Autosomal STR analysis is advantageous in this regard as it allows for the
analysts to determine how common or rare a profile is in the general population. [6, 24-27].
Additionally, autosomal loci are used in the Combined DNA Index System (CODIS), a database
created by the Federal Bureau of Investigation in which data from core aSTR loci are uploaded
to create the ability to record and search for suspects in a crime [6, 24, 27, 28]. When the CODIS
loci are tested, the average RMP, or the chance that two unrelated individuals in a population
share the same profile, is typically rarer than one in a trillion among unrelated individuals [6, 24,
26, 27, 29]. The ability to produce aSTR profiles allows for a higher discrimination power and
the use of a national database which is contributed to by federal, state, and local forensic
laboratories, making it highly advantageous in casework analysis.

Due to the limitations of current forensic analysis methods in regard to late-reported (i.e.
more than 5-day) sexual assault samples, there is the need to develop an alternative method for
sperm cell recovery that allows for aSTR analysis. Several methods have been proposed, such as
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acoustic differential extraction and laser microdissection [15, 30-33]. Acoustic differential
extraction (ADE) uses a microfluidic device that manipulates acoustic forces to sort cells into
different groups and has been used to process sexual assault samples [30, 32]. However, it has
been demonstrated that use of this method can cause cells in the sample to adhere to the trapping
component of the microfluidic device and hinder sorting or cause a loss of the sample. Another
method used to separate sperm cells from samples is laser microdissection (LMD) [15, 31, 33],
which uses UV laser ablation to physically remove the cell from a slide and capture it into a
reaction mix using gravitational forces for downstream analysis. For this method to work,
accurately, however, requires a large sample size which is not always available in these cases.
While these methods have been able to successfully isolate sperm cells, they have not yet been
implemented into U.S. forensic laboratories and remain used mainly in research settings. This
could be for a number of reasons – including the fact that both alternative approaches would
require the use of equipment not found regularly in U.S. crime laboratories and would require
additional training for analysts.

Another alternative method to those described previously is the use of simplified
micromanipulation. Micromanipulation is a technique that was developed by Dr. Robert
Chambers in 1921 to isolate bacterium from a mixture of cells for dissection of the microbe [34].
This technique has since been used in a variety of applications since its inception, such as in vitro
fertilization [35-37]. In forensic research, simplified micromanipulation has been used to
successfully recover trace DNA from physical assault samples via stereomicroscope, by
capturing “touch DNA” on a Gel-Film® (Gel-Pak, Hayward, CA) slide and successfully isolating
the “touch” DNA for downstream lysis and amplification, resulting in probative aSTR profiles
[38, 39]. In this context, micromanipulation is performed using a tungsten needle coated with
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water-soluble adhesive to "pick up" cells from a slide and deposit them into a solution. In this
work, simplified micromanipulation was evaluated for use in the recovery of sperm cells from
semen samples to produce an aSTR profile.

After retrieval of the sperm cells, the genetic material must be extracted for downstream
amplification. This can provide unique challenges, as most purification techniques can cause a
loss of genetic material when removing contaminants, which is not suitable for use in small cell
samples. In these instances direct lysis can be used, which allows for the extraction of genetic
material by using a proteinase that will lyse cells and degrade proteins and nucleases at higher
temperatures while leaving nucleic acids intact [40, 41]. By performing a direct lysis, a closed
environment is provided without multiple washing steps which would lead to critical loss of
nucleic acids [40, 41]. In cases where the sample is only several cells, any loss of genetic
material would be extremely detrimental. Direct lysis also cuts down on potential contaminations
that might occur with repeated opening and closing of the tube that takes place during a typical
extraction. Any contamination to a sample with such little input can drastically affect the results.

After lysis, amplification of the sample is required for the production of a DNA profile.
In single- or few-cell samples, the small amount of genetic material available for amplification
can prove troublesome to the production of a full DNA profile [42-44]. Most aSTR amplification
kits have an optimal DNA input of 0.5 to 1 nanogram (ng) of DNA. Single cells contain
approximately 6 picograms (pg) of DNA, while haplotype cells (e.g. sperm cells) contain
approximately 3 pg of DNA. Any samples containing less than >100 pg of DNA are considered
low copy number samples

[42-45], and require enhanced analysis methods to recover a

probative profile [43, 44, 46-49]. Several enhanced methods were used in this work to obtain
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optimal DNA recovery. The PCR cycle number was increased from 28 to 34, which adds more
cycles of PCR in order to increase the amount of amplified product [44, 45, 47, 50]. Microvolume amplification was also used, where the reaction is scaled down from 25 µL to 5 µL to
concentrate the reagents of the mixture allowing for a more efficient amplification [46, 48, 51].
Additional DNA polymerase was also added to the amplification mix to increase the overall
activity of the polymerase in the reaction [48].

While these methods may increase allele recovery for the samples provided, they do not
eliminate, and often cause an increase in stochastic artifacts observed with the amplification of
low template DNA (LTDNA) [43, 44, 47, 49, 52, 53]. These artifacts include allele drop-in,
allele drop-out, heterozygous peak imbalance and increased stutter [44, 45, 50, 52-55]. Allele
drop-in is the presence of alleles in the profile that are not attributable to the donor, while allele
drop-out is the loss one allele at a locus. This is especially troublesome if only one heterozygous
allele is amplified, which would then appear as a homozygous genotype for an individual locus.
Stutter is a result of polymerase slippage during replication that results in an amplification
product containing one repeat unit less (n-1) than the true allele [56-58]. While n-1 stutter
products are the most common, additional stutter products can be formed that are more than one
repeat unit less (e.g. n-2, two repeat units less) or one repeat unit more (e.g. n+1) [56-58]. Stutter
is a standard occurrence in STR profiling and can complicate profile analysis typically with
mixture samples. Thresholds based on average or typical stutter percentages are employed in
order to filter out these artifacts [56-58]. However, these are based on the standard analysis, with
standard input DNA amounts and standard amplification conditions. When LTDNA samples are
used, especially in combination with increased cycle number, increased stutter will be observed
and will likely exceed these thresholds and cannot be distinguished from genuine alleles in most
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cases [46, 55, 59, 60]. While stochastic effects cannot be avoided in low template samples, the
profiles obtained in this work were evaluated and analysis thresholds were developed to help
combat their effects on the quality of the profiles.

Another method for the evaluation of LTDNA is through consensus profiling [55, 59]. To
produce consensus profiles, multiple replicates of the same LTDNA sample is amplified and the
separate profiles are combined together to create one profile. This helps ensure accuracy of the
profiles, as an allele must be present in more than one profile to be included in the final profile.
Since LTDNA artifacts are stochastic in nature, they would not be expected to be present in each
replicate amplification. The use of consensus profiling was evaluated in this work to determine if
it would be an effective tool to aid in the profile interpretation of the single- or few sperm cell
sample profiles.

Additionally, the probative value of the profiles obtained in this work were evaluated by
calculating the RMP. Typically, the Scientific Working Group on DNA Analysis Methods
(SWGDAM) recommends that LCN samples are analyzed with a stochastic threshold to
distinguish between a homozygous determination at a locus and a heterozygous genotype with
allele drop-out [61]. However, due to the nature of the cells used in this work (i.e. haplotype
cells), heterozygote peak imbalance would be increased thus the creation and use of a stochastic
threshold to determine homozygosity would not likely be accurate. For this reason, when
analyzing the discriminatory power of the aSTR profiles obtained in this work, all alleles were
analyzed as heterozygote genotypes, and the frequency of homozygote genotypes (f) were
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calculated as a heterozygote genotype with only one allele detected, using the equation f=2p, as
to not conflate the statistical value of the profiles obtained [62].

The results of this work demonstrate that sperm cells can be collected using simplified
micromanipulation and probative aSTR profiles can be obtained from them using enhanced
analysis techniques. Using this work, it is the hope that further research can be done to fully
develop and incorporate this new method for isolation of sperm cells from late-reported sexual
assault samples in U.S. forensic laboratories to produce probative aSTR profiles that can be used
to identify and prosecute the perpetrator(s) involved.
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CHAPTER 2: MATERIALS AND METHODS

2.1. Semen Samples
Semen was collected from anonymous donors using procedures approved by the
University of Central Florida’s (UCF) Institutional Review Board. Informed consent was
obtained from each donor. Freshly ejaculated semen was collected in 15 μL conical tubes and
stored at -20°C. Additional semen samples were commercially purchased (donors from BIOIVT,
Nassau, NY and Lee Biosolutions, Maryland Heights, MO) and stored at -20°C. Semen swabs
were prepared by placing the swab directly in thawed liquid semen to saturate, dried overnight at
room temperature (~22°C), and stored at -20°C.
2.2. Micromanipulation Sample Preparation
Gel-Film® slides were prepared by securing a piece of Gel-Film® on to a clean
microscope slide. To transfer the semen sample to the Gel-Film® slide, 1/4th of a saturated semen
swab was suspended in 500 μL of Nuclease Free Water (NFW) in a sterile 1.5 mL
microcentrifuge tube, agitated for 30 seconds then incubated at room temperature for 30 minutes.
The swab piece was then placed in a spin basked inside the microcentrifuge tube and centrifuged
for 5 minutes at 13,000 rpm. The spin basket containing the swab was then discarded, along with
the supernatant, and the pellet was resolubilized in 400 μL NFW. The suspension was the
transferred to the Gel-Film® slide and dried overnight at room temperature (~22°C). The slide
was then stained using Christmas tree stain (Serological Research Institute (SERI), Richmond,
CA). The nuclear fast red stain was placed on the Gel-Film® surface and incubated at room
temperature (~22°C) for 10 minutes and rinsed with NFW by gentle flooding (e.g. slide tipped
on an angle and water gently runs down from the top of the slide in order to prevent sample loss).
9

The picroindingocarmine counter stain was placed on the Gel-Film® surface for 10 seconds and
rinsed with 100% ethanol by gentle flooding. The slide was then air dried at room temperature
before micromanipulation. Slides were stored at room temperature (~22°C) in a sterile slide box.
2.3. Micromanipulation

Sperm cells were collected using a Caltex LX-100 Digital Microscope Video Inspection System
(Caltex Scientific, Irvine, CA) at 400x magnification. Each collection consisted of five 1-cell
samples, and two 2-, 5-, 10- and 20- cell samples. For all collections, two “0” cell samples were
collected from a blank area of the Gel-Film® slide to test for the presence of ‘cell-free’ DNA.
Samples were collected using 3M™ (3M™, St. Paul, MN) water-soluble wave solder tape on the
end of a tungsten needle to adhere to the sperm cells. First, 3M™ adhesive tape was attached to a
clean slide using sterilized tweezers, then the tungsten needle was scraped along the adhesive to
create a small ball (Figure 2).

Figure 2: Microscope image of a tungsten needle coated in 3M

TM

adhesive for micromanipulation.

To collect the sperm cells, the needle with adhesive was placed over the sperm cell of interest,
and the pressure was applied (Figure 3). The needle was then lifted up from the slide, and a
visual confirmation was used to ensure the cell(s) of interest were successfully collected from the
slide and all other cells in the visual field remain (Figure 3).

10

®

Figure 3: Microscope image of a sperm cell on a Gel-Film slide using 400X magnification, before (left) and
after (right) micromanipulation

Next, the needle containing the cell(s) of interest and water-soluble adhesive were dissolved into
the lysis mix (either 1.5 μL or 2 μL depending on the kit) in a sterile 0.2 mL PCR flat-cap tube
(Figure 4).

Figure 4: Microscope image of a 3M

TM

adhesive coated needle attached to a sperm cell in a 0.2 mL PCR tube.

2.4. DNA Extraction
Reference profiles were created for all semen donors used for micromanipulation. A manual
extraction was performed on semen donors using QIAmp® DNA Investigator kit (QIAGEN,
Germantown, MD) according to the manufacturer’s protocol. Samples were incubated for 1 hour
at 56°C in 400µL Buffer ATL, 20 µL Proteinase K (Fisher Scientific, Grand Island, NY) and 20
11

µL DTT (Fisher Scientific, Grand Island, NY) in a sterile microcentrifuge tube. Samples were
agitated and spun down every 10 minutes to improve lysis. Samples were then incubated for 10
min at 70°C, agitated and spun down every 3 minutes. After lysis, swabs were transferred to a
DNA IQ spin basket (Promega, Madison, WI) in the microcentrifuge tube and centrifuged at
14,000 rpm for 5 minutes remove all liquid from the swab. After centrifugation, the spin basket
and swab were discarded, and the lysate was transferred to a QIAmp® MinElute® spin column.
Next, the samples were washed with 500µL Buffer AW1 (QIAGEN), 700µL Buffer AW2 and
700µL 100% ethanol. The column was then dried via centrifugation at 14,000 rpm for 3 min,
followed by an incubation at room temperature for 10 min. Samples were eluted into 60 µL of
Buffer EB. Each extraction included an extraction blank as a negative control. Extracts were
quantified using QuantfilerTM Trio (Applied Biosystems™ by ThermoFisher, Foster City, CA)
according to the manufacturer’s protocol on an ABI Prism® 7000 real time PCR instrument
(Applied Biosystems™ by ThermoFisher, Foster City, CA).

2.5. Direct Lysis Methods

2.5.1 forensicGEM Sperm
Sperm cells collected via micromanipulation were deposited into a direct lysis mix. The
first method tested was the forensicGEM Sperm kit (ZyGEMTM, Solona Beach, CA). Sperm cells
were collected directly into a 1.5 µL lysis mix. This lysis mix was prepared using 1.1 μL
nuclease free water, 0.35 μL 10X Buffer Orange, 0.15 μL ACROSOLV, and 0.1 μL
forensicGEM enzyme. Cells were then lysed in a thermocycler using the following program:
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52°C for 5 min, 75°C for 3 min, 95°C for 3 min, and a 4°C hold. Lysates were used immediately
in STR amplification.

2.5.2 LysePrep
Sperm cells collected via micromanipulation were deposited into a direct lysis mix. The
second method tested was the LysePrep kit (DEPArray™ by Menari Silicon Biosystems,
Bologna, Italy). Sperm cells were collected directly into a 2.0 μL lysis mix. This lysis mix was
prepared using 1.18 μL NFW, 0.13 μL Reagent 1, 0.13 μL Reagent 2, 0.2 μL Buffer, 0.3 μL
Enzyme and 0.1 μL 100 μM DTT. Cells where then lysed in a thermocycler using the following
program: 42°C for 45 min, 65°C for 30 min, 80°C for 15 min, and a 4°C hold. Lysates were used
immediately in STR amplification.
2.6. Autosomal STR Amplification

2.6.1 AmpFLSTR™ IdentiFiler™ Plus
For micromanipulated samples, a 5 μL (forensicGEM sperm) or a 5.5 μL (LysePrep)
AmpFLSTR™ IdentiFiler™ Plus amplification (Applied Biosystems™ by ThermoFisher, Foster
City, CA) was performed by adding 3.5 μL of the STR amplification mix to each tube, which
consisted of 2.2 μL master mix, 1.2 μL primer mix and 0.2 μL AmpliTaq Gold® enzyme
(Applied Biosystems™ by ThermoFisher, Foster City, CA). The samples were then amplified
using the following PCR program: 95°C for 11 min 34 cycles of 94°C for 20 sec and 59°C for 3
min, 60°C for 10 min and a hold at 4°C. Amplification products were stored at 4°C until needed.
For amplification of donor extracts, a 25 µL AmpFLSTR™ IdentiFiler™ Plus
amplification (Applied Biosystems™ by ThermoFisher, Foster City, CA) was performed by
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adding 25 µL of the STR amplification mix to each tube, which consisted of 10 μL master mix, 5
μL primer mix. Extracts were diluted with Low Tris-EDTA (TE) buffer (Applied Biosystems™
by ThermoFisher, Foster City, CA) to achieve an input of 1 ng and a final volume of 10 µL. and
The samples were then amplified using the following PCR program: 95°C for 11 min, 28 cycles
of 94°C for 20 sec and 59°C for 3 min, 60°C for 10 min and a hold at 4°C. Amplification
products were stored at 4°C until needed.
2.6.2 GlobalFiler™
For micromanipulated samples, a 5 μL (forensicGEM sperm) or a 5.5 μL (LysePrep)
GlobalFiler™ amplification (Applied Biosystems™ by ThermoFisher, Foster City, CA) was
performed by adding 3.5 μL of the STR amplification mix to each tube, which consisted of 1.5
μL Reagent Mix, 1.3 μL Low-TE Buffer, 0.5 μL Primer Mix and 0.2 μL AmpliTaq Gold. The
samples were then amplified using the following PCR program: 95°C for 1 min, 34 cycles of
94°C for 10 sec and 59°C for 90 sec, 60°C for 10 min and a hold at 4°C. Amplification products
were stored at 4°C until needed.
For amplification of donor extracts, a 25 µL GlobalFiler™ amplification (Applied
Biosystems™ by ThermoFisher, Foster City, CA) was performed by adding 25 μL of the STR
amplification mix to each tube, which consisted of 7.5 μL Reagent Mix, and 2.5 μL Primer Mix.
Reference samples were diluted with Low-TE buffer to achieve an input concentration of 1.0 ng,
with a final volume of 15 µL. The samples were then amplified using the following PCR
program: 95°C for 1 min, 29 cycles of 94°C for 10 sec and 59°C for 90 sec, 60°C for 10 min and
a hold at 4°C. Amplification products were stored at 4°C until needed.
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2.6.3. PowerPlex® Fusion 6C
For micromanipulated samples, a 5 μL (forensicGEM sperm) or a 5.5 μL (LysePrep)
PowerPlex® Fusion 6C amplification (Promega Corporation, Madison, WI) was performed by
adding 3.5 μL of the STR amplification mix to each tube, which consisted of 1 μL Reagent Mix,
1.3 μL NFW (Invitrogen™ by ThermoFisher Scientific, Carlsbad, CA), 0.5 μL Primer Mix and
0.2 μL AmpliTaq Gold. The samples were then amplified using the following PCR program:
96°C for 1 min, 34 cycles of 96°C for 10 sec and 60°C for 1 min, 60°C for 10 min and a hold at
4°C. Amplification products were stored at 4°C until needed.
For donor extracts, a 25 μL PowerPlex® Fusion 6C amplification (Promega Corporation,
Madison, WI) was performed by adding 25 μL of the STR amplification mix to each tube, which
consisted of 5 μL Reagent Mix, and 5 μL Primer Mix. Reference samples were diluted with
NFW to achieve an input concentration of 1.0 ng, with a final volume of 15 µL. The samples
were then amplified using the following PCR program: 96°C for 1 min, 29 cycles of 94°C for 10
sec and 60°C for 1 min, 60°C for 10 min and a hold at 4°C. Amplification products were stored
at 4°C until needed.

2.6.4. VeriFiler™ Plus
For micromanipulated samples, a 5 μL (forensicGEM sperm) or a 5.5 μL (LysePrep)
VeriFiler™ Plus amplification (Applied Biosystems™ by ThermoFisher, Foster City, CA) was
performed by adding 3.5 μL of the STR amplification mix to each tube, which consisted of 1 μL
Reagent Mix, 1.8 μL Low-TE Buffer, 0.5 μL Primer Mix and 0.2 μL AmpliTaq Gold. The
samples were then amplified using the following PCR program: 95°C for 1 min, 2 cycles of 96°C
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for 10 sec and 62°C for 90 sec, 32 cycles of 96°C for 10 sec and 59°C for 90 sec, 60°C for 5 min
and a hold at 4°C. Amplification products were stored at 4°C until needed.
For donor extracts, a 25 µL VeriFiler™ Plus amplification (Applied Biosystems™ by
ThermoFisher, Foster City, CA) was performed by adding 25 μL of the STR amplification mix
to each tube, which consisted of 5 μL Reagent Mix, and 2.5 μL Primer Mix. Reference samples
were diluted with Low-TE Buffer to achieve an input concentration of 0.5 ng, with a final
volume of 17.5 µL. The samples were then amplified using the following PCR program: 95°C
for 1 min, 2 cycles of 96°C for 10 sec and 62°C for 90 sec, 29 cycles of 96°C for 10 sec and
59°C for 90 sec, 60°C for 5 min and a hold at 4°C. Amplification products were stored at 4°C
until needed.
2.7. Capillary Electrophoresis and Data Analysis

2.7.1 AmpFLSTR™ IdentiFiler™ Plus
Electrophoresis was performed on all samples amplified using the AmpFLSTR™ IdentiFiler™
Plus Amplification Kit (dye set G5: 6-FAM™, blue; VIC™, green; NED™, yellow; PET®, red;
and LIZ™, orange). A MicroAmp™ optical 96-well reaction plate (Applied Biosystems™ by
ThermoFisher, Foster City, CA) was prepared using 9.5 μL of Hi-Di Formamide (Applied
Biosystems™ by ThermoFisher, Foster City, CA) and 0.5 μL of GeneScan™ 500 LIZ™ dye
Size Standard v2.0 (Applied Biosystems™ by ThermoFisher, Foster City, CA) per well. One
microliter of the amplified samples was added to the corresponding wells, along with one well
containing 1 μL of AmpFLSTR™ IdentiFiler™ Plus Amplification Kit allelic ladder (Applied
Biosystems™ by ThermoFisher, Foster City, CA). The plate was then covered with a plate septa
and spun down on a Labnet MPS 1000 vertical mini plate spinner (Stellar Scientific, Baltimore,
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MD) at 2,500 rpm. Samples were injected through a 4-capillary 36 cm array under the run
module HIDFragementAnalysis36_POP4_1 (15 sec injection, 3kV, 1,500 sec runtime) on a 3130
Genetic Analyzer (Applied Biosystems™ by ThermoFisher, Foster City, CA; Data Collection
v3.0) or injected through a 8-capillary 36 cm array using POP-4 polymer under run module
HID36_POP4 (15 sec injection, 1.2 kV, 1,500 sec runtime) 3500 Genetic Analyzer (Applied
Biosystems™ by ThermoFisher, Foster City, CA; Data Collection v3.1). The data was then
analyzed using the GeneMapper™ ID-X Software v1.6.
2.7.2 GlobalFiler™
Electrophoresis was performed on all samples amplified using the a GlobalFiler™ PCR
Amplification Kit (dye set J6: 6-FAM™, blue; VIC™, green; NED™, yellow; TAZ™, red;
SID™, purple; and LIZ™, orange). A MicroAmp™ optical 96-well reaction plate was prepared
using 9.6 μL of Hi-Di Formamide and 0.4 μL of GeneScan™ 600 LIZ™ dye Size Standard v2.0
(Applied Biosystems™ by ThermoFisher, Foster City, CA) per well. Then 1 μL of the amplified
samples was added to the corresponding wells, along as a well with a GlobalFiler™ PCR
Amplification Kit allelic ladder. The plate was then covered with a plate septa and spun down on
a Labnet MPS 1000 vertical mini plate spinner at 2,500 rpm. Samples were injected through a 4capillary 36 cm array under the run module HIDFragementAnalysis36_POP4_1 (15 sec
injection, 3kV, 1,500 sec runtime) on a 3130 Genetic Analyzer or injected through a 8-capillary
36 cm array using POP-4 polymer under run module HID36_POP4 (15 sec injection, 1.2 kV,
1,500 sec runtime) 3500 Genetic Analyzer. The data was then analyzed using the GeneMapper™
ID-X Software v1.6.
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2.7.3. PowerPlex® Fusion 6C
Electrophoresis was performed on all samples amplified using the a PowerPlex® Fusion 6C
Amplification Kit (Dye Set Promega J6: FL-6C, blue; JOE-6C, green; TMR-6C, yellow; CXR6C, red; TOM-6C, purple; WEN-6C, orange). A MicroAmp™ optical 96-well reaction plate was
prepared using 9.5 µL of Hi-Di Formamide and 0.5 µL of WEN ILS 500 Internal Lane Standard
(Promega Corporation, Madison, WI) per well. Then 1 μL of the amplified samples was added to
the corresponding wells, along with a well containing 1 μL PowerPlex® Fusion 6C Amplification
Kit allelic ladder. The plate was then covered with a plate septa and spun down on a Labnet MPS
1000 vertical mini plate spinner at 2,500 rpm. Samples were injected through an 8-capillary 36
cm array using POP-4® polymer under the run module HID36_POP4 (15 sec injection, 1.2kV,
1,500 sec runtime) using a 3500 Genetic Analyzer. The signals were then analyzed using the
GeneMapper™ ID-X Software v1.6.
2.7.4 VeriFiler™ Plus
Electrophoresis was performed on all samples amplified using the a VeriFiler™ Plus
Amplification (Dye Set J6-T: 6-FAM™, blue; VIC™, green; TED™, yellow; TAZ™, red;
SID™, purple; and LIZ™, orange). A MicroAmp™ optical 96-well reaction plate was prepared
using 9.6 μL of Hi-Di Formamide and 0.4 µL of GeneScan™ 600 LIZ™ dye Size Standard v2.0
per well. Then 1 μL of the amplified samples was added to the corresponding wells, along with a
well containing 1 μL of VeriFiler™ Plus Amplification Kit allelic ladder. The plate was then
covered with a plate septa and spun down on a Labnet MPS 1000 vertical mini plate spinner at
2,500 rpm. Samples were injected through a 8-capillary 36 cm array using POP-4 polymer under
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the run module HID36_POP4 (15 sec injection, 1.2KV, 1,500 sec runtime) using a 3500 Genetic
Analyzer. The signals were then analyzed using the GeneMapper™ ID-X software v1.6.
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CHAPTER 3: MICROMANIPULATION RESULTS
3.1. Adhesive Size Testing
Before testing sperm recovery using micromanipulation, evaluation of the adhesive used
to recover the cells on our downstream lysis and amplification reaction was performed. The
proposed workflow of this project separated the lysis and amplification steps, with collection
occurring directly into the reaction mix for either the forensicGEM Sperm or LysePrep lysis
method. Both methods utilize small lysis volumes (1.5 and 2 µL, respectively) therefore testing
was done to ensure that the adhesive used to pick up cells during micromanipulation would not
affect the overall volume and potentially cause downstream biochemical effects to the reaction
when dissolved. Two different sizes of adhesive were dissolved into water of corresponding
volumes to that of the lysis volumes used, then the volume of the solution was measured to
determine if there was a significant difference. The two adhesive sizes used were “small” (Figure
5), in which the tip of the tungsten needle was lightly coated in adhesive, and “large” (Figure 5)
in which a ball of adhesive was attached to the end of the needle.

Figure 5: Microscope image of “Small Adhesive” (left) and “Large Adhesive” (right).
A tungsten needle lightly coated in 3M™ adhesive to produce the “small adhesive” tested, and a tungsten needle
attached to a ball of 3M™ adhesive to produce the “large adhesive” tested.

The small adhesive size was used to pick up 1- and 2-cells while large adhesive size was used to
collect larger groups of cells. After the experiment was completed, the percent difference in the
volumes before and after addition of the adhesive was calculated (Table 1). The results showed
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that there was no significant increase in the volume of the lysis mixture after dissolution of
adhesive, regardless of lysis mixture volume or adhesive volume, as the largest change in volume
was only 1.03%. These results ensured confidence moving forward that the amount of adhesive
used in the collection of cells would not significantly impact the volume of the lysis mix and thus
potentially affect the lysis reaction.
Table 1: Adhesive Size Testing.
Small and large sizes of adhesive were dissolved in 1.5 and 2 μL volumes, and the final volumes were measured.
The volume difference was calculated as well as the percent difference. For each replicate n=10.

Lysis Volume

Adhesive Size

Volume Difference

Percent Difference

1.5 μL

Small

0.016 μL

1.03 %

1.5 μL

Large

0.004 μL

0.25 %

2.0 μL

Small

0.004 μL

0.19 %

2.0 μL

Large

0.008 μL

0.39 %

3.2. Method Evaluation
To evaluate the capacity to recover aSTR profiles from single and few sperm cells, two
lysis methods, forensicGEM Sperm and LysePrep, along with four autosomal amplification kits
(AmpFLSTR™ IdentiFiler™ Plus, Globalfiler™ Plus, PowerPlex® Fusion 6C, and VeriFiler™
Plus) were evaluated. Each lysis method uses different proprietary enzymes as well as different
cycling methods to extract the genetic material. The aSTR amplification kits each contain all
core CODIS loci, but then also may contain additional different aSTR loci for increased
discrimination. Each lysis method and amplification kit were tested using four donors (one
collection per donor). Each collection consisted of five 1-cell samples, and two 2-, 5-,10-, and
20-cell samples. Additionally, two 0-cell samples were included with each collection as a
negative control to ensure that aSTR results were originating from collected cells and not due to
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possible “cell-free” DNA or other contamination. Each amplification consisted of an
amplification positive control with 0.0125 ng of control DNA supplied with each kit and an
amplification negative control consisting of water or Low-TE buffer, per the kit’s instructions.
After successful lysis, amplification, and capillary electrophoresis, the resulting DNA profiles
were evaluated. The accuracy of any obtained DNA profile was verified using a donor reference
profile, obtained using normal extraction methods and the suggested DNA input per kit. Profiles
were evaluated in terms of number of alleles recovered per sample, only including alleles that
were attributable to the donor. Homozygous alleles were counted twice to represent both copies
of the detected allele if above 500 RFUs. If the RFU value was below 500 allele drop-out could
be possible and therefore only one copy of the allele was counted. Percent recovery of each
profile was calculated by dividing the number of autosomal alleles observed per profile by the
total number of autosomal alleles available for recovery. For one cell samples, only one allele is
available for recovery at each locus as sperm cells are haplotype cells. Therefore, when
calculating the percent recovery of 1-cell samples, the total number of alleles available for
recovery is halved.
3.2.1. AmpFLSTR™ IdentiFiler™ Plus Results
The first kit used to evaluate the micromanipulation technique with was AmpFLSTR™
IdentiFiler™ Plus kit, which amplifies 15 autosomal loci and Amelogenin, the sex determination
loci, allowing for a maximum of 30 alleles to be recovered. This was the first kit used to evaluate
sperm recovery as it had been used in previous experiments to successfully amplify single
epithelial cells, therefore acting as a control to ensure successful collection and lysis of the sperm
cells (Table 2, Figure 6).
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Table 2: Allele Recovery Data for AmpFLSTR™ IdentiFiler™ Plus
The average number of alleles recovered and the average percent recovery per cell number and lysis kit using
AmpFLSTR™ IdentiFiler™ Plus.

Average Alleles Recovered
Forensic Gem
DEPArray
Sperm
LysePrep

Average Percent Recovery
Forensic Gem
DEPArray
Sperm
LysePrep

Cell Number

n

1-Cell

5

1

5

7

33

2-Cell

2

2

8

7

27

5-Cell

2

9

14

30

47

10-Cell

2

8

17

27

57

20-Cell

2

12

25

40

83

Figure 6: Boxplot of AmpFLSTR™ IdentiFiler™ Plus Allele Recovery Data.
The boxplot shows the range of alleles recovered for each sperm cell using AmpFLSTR™ IdentiFiler™ Plus, lysed
with either forensicGEM Sperm (blue) or LysePrep (red). Y-axis: number of alleles observed; x-axis: number of
sperm cells collected. Error bars are shown in black, outliers indicated by a black circle, extremes indicated by a
star. For 1-cell collections, n=5. For 2-, 5-, 10-, and 20-cell collections n=2.

With 1-cell samples, 10 alleles were recovered (out of 15 possible; 67%) using LysePrep
(Figure 7). This profile resulted in several instances of locus drop-out, where no alleles were
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recovered, however this is to be expected when amplifying samples of such low quantity DNA.
When comparing the allele recovery of 1-cell samples using the two lysis methods, a significant
amount of variability was observed, with an average allele recovery of 5 (out of 15 possible) for
LysePrep as compared to 1 (out of 15 possible) with forensicGEM Sperm. This difference is
quite significant, suggesting LysePrep to be superior in recovering genetic information from
LCN samples. When considering the 2-cell samples, there was an increase in the maximum
number of alleles recovered with both lysis methods, obtaining 17 alleles (out of 30 possible;
57%) using LysePrep and 6 alleles (out of 30 possible; 20%) using forensicGEM Sperm. The
average allele recovery for both methods also increased with the 2-cell samples, with an average
recovery of 8 alleles (out of 30 possible; 27%) using LysePrep and 2 alleles (out of 30 possible;
7%) using forensicGEM Sperm. This is to be expected, as when two cells are collected there is a
possibility of increasing the amount of genetic information with haplotype cells, as both the
maternal and paternal chromosomal locus of DNA can be recovered. Even if both cells have the
same parental chromosomal locus of DNA, the starting material is also increased prior to PCR
which should result in an increased allele recovery. With the 2-cell samples, the LysePrep
method was also superior to forensicGEM Sperm. This trend continues when more cells are
collected, such as with 5-cell samples, which were able to obtain an allele recovery up to 26
alleles (out of 30 possible; 87%) using LysePrep, almost a full profile. The average allele
recovery also increased with the 5-cell samples, as 14 alleles (out of 30 possible; 47%) were
recovered using LysePrep and 9 alleles (out of 30 possible; 30%) were recovered using
forensicGEM Sperm. When increasing the cell collection size from 5 to 10 cells, the maximum
recovery of alleles did not change, with 26 alleles (out of 30 possible; 87%) recovered using
LysePrep. However, the average recovery per profile did increase in the 10-cell samples when
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using LysePrep, with an average allele recovery of 17 alleles (out of 30 possible: 57%) but
decreased with forensicGEM Sperm, which recovered an average of 8 alleles (out of 30 possible:
27%). When increasing the collection size to 20-cells, the maximum number of alleles recovered
increased to 28 alleles (out of 30 possible; 93%) using LysePrep (Figure 7), recovering
information at all loci, and observing only two instances of allele drop-out (ADO). With 20-cell
samples, the average allele recovery also increased, recovering 25 alleles (out of 30 possible;
83%) using LysePrep and 12 alleles (out of 30 possible; 40%) using forensicGEM Sperm. For all
cell samples, LysePrep was observed to significantly recover more alleles per profile than
forensicGEM Sperm, with LysePrep recovering the same number of alleles per profile as
forensicGEM Sperm using 5-cells opposed to the 20-cells necessary for forensicGEM Sperm.
The results obtained using AmpFLSTR™ IdentiFiler™ Plus indicated that the use of
micromanipulation to isolate sperm cells for downstream autosomal STR analysis was indeed
possible as there was significant recovery seen in the larger cell numbers. With these successful
results, the next step was to evaluate additional aSTR kits as the AmpFLSTR™ IdentiFiler™
Plus kit does not contain all current CODIS loci and therefore would no longer be used by
operational laboratories.
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Figure 7: DNA Profile of 1-Cell sample (left) and 20-Cell sample (right) using AmpFLSTR™ IdentiFiler™ Plus and LysePrep
Profiles generated using a 3500 genetic analyzer. LDO indicates locus drop out. ADO indicates allelic drop out. Green star indicates pull up. Purple star indicates
increased stutter. Allele numbers and relative fluorescent units are listed below each allele. X-axis represents size in base pair (bp); y-axis represents peak height
(RFU).

26

3.2.2. GlobalFiler™ Results
The next amplification kit evaluated was GlobalFiler™ amplification kit (Table 3, Figure
8), which amplifies 21 autosomal loci, a Y-Indel and Amelogenin.
Table 3: Allele Recovery Data for GlobalFiler™
The average number of alleles recovered and the average percent recovery per cell number and lysis kit using
Globalfiler™.

Average Alleles Recovered
Forensic Gem
DEPArray
Sperm
LysePrep

Average Percent Recovery
Forensic Gem
DEPArray
Sperm
LysePrep

Cell
Number

n

1-Cell

5

2

7

10

33

2-Cell

2

1

13

2

31

5-Cell

2

5

17

12

40

10-Cell

2

7

19

17

45

20-Cell

2

12

20

29

48

Figure 8: Boxplot of GlobalFiler™ Allele Recovery Data
The boxplot shows range of alleles recovered for each sperm cell sample using Globalfiler™ amplification kit, lysed
with forensicGEM Sperm (blue) or LysePrep (red). Y-axis: number of alleles observed; x-axis: number of sperm
cells collected. Error bars are shown in black, outliers indicated by a black circle, extremes indicated by a star. For
1-cell collections, n=5. For 2-, 5-, 10-, and 20-cell collections n=2.
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With GlobalFiler™, the number of alleles recovered using 1-cell increased, obtaining 11
alleles (out of 21 possible; 52%) using LysePrep (Figure 9) and 13 alleles (out of 21 possible;
61%) using forensicGEM Sperm. While forensicGEM Sperm did recover more alleles in one
profile than LysePrep, the latter method still showed an improvement over the former in average
allele recovery, obtaining 7 alleles (out of 21 possible; 33%) using LysePrep and 2 (out of 21
possible; 9%) using forensicGEM Sperm, a significant difference. Therefore, LysePrep was still
considered the superior lysis method for 1-cell samples with GlobalFiler™. With 2-cells, a
higher allele recovery was obtained with the GlobalFiler™ kit, recovering 29 alleles (out of 42
possible; 69%) using LysePrep compared to a maximum recovery of only 17 alleles (out of 30
possible) using AmpFLSTR™ IdentiFiler™ Plus. The average number of alleles recovered using
2-cells also increased with GlobalFiler™ when using LysePrep, obtaining an average of 13
alleles (out of 42 possible; 31%) per sample compared to that of AmpFLSTR™ IdentiFiler™
Plus, which obtained an average of 8 alleles (out of 30 possible). However, the average allele
recovery decreased for 2-cell samples when using the forensicGEM Sperm method, recovering
an average of 1 allele (out of 42 possible; 2%) with GlobalFiler™, compared to an average of 2
alleles (out of 30 possible) using AmpFLSTR™ IdentiFiler™ Plus. The maximum recovery of
alleles using 5-cells did not increase with GlobalFiler™, recovering 26 alleles (out of 42
possible; 62%) when using LysePrep, the same number of alleles achieved when using the same
lysis method and AmpFLSTR™ IdentiFiler™ Plus. However, the average number of alleles
recovered per 5-cell sample was increased when using the LysePrep method and GlobalFiler™,
obtaining 17 (out of 42 possible; 40%) using LysePrep compared to only 14 alleles (out of 30
possible) obtained using the same lysis method and AmpFLSTR™ IdentiFiler™ Plus. The
average number of alleles recovered from 5-cell samples decreased when using the forensicGEM
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Sperm method and GlobalFiler™, recovering an average of 5 alleles (out of 42 possible; 12%),
opposed an average of 9 alleles (out of 30 possible) recovered with AmpFLSTR™ IdentiFiler™
Plus. When using LysePrep and GlobalFiler™, the maximum allele recovery increased with 10cells, obtaining 27 alleles (out of 42 possible; 64%), an increase in the number of alleles
recovered from our 5-cell samples using the same lysis method and amplification kit, as well as
an increase in the number of alleles recovered using 10-cells with AmpFLSTR™ IdentiFiler™
Plus. The average number of alleles obtained for 10-cells increased using LysePrep and
GlobalFiler™, with an average allele recovery of 19 alleles (out of 42 possible; 48%) compared
to an average allele recovery of 17 alleles (out of 30 possible) using AmpFLSTR™ IdentiFiler™
Plus. As seen with the other cell numbers, the average allele recovery for the 10-cell samples
decreased in comparison to AmpFLSTR™ IdentiFiler™ Plus, recovering an average of 7 alleles
(out of 42 possible; 16%) using GlobalFiler™ and 8 alleles (out of 30 possible) using
AmpFLSTR™ IdentiFiler™ Plus. For 20 cells, the maximum number of alleles recovered did
not increase when using Globalfiler, recovering 28 alleles (out of 42 possible; 93%) using
LysePrep (Figure 9), which was achieved using AmpFLSTR™ IdentiFiler™ Plus. Additionally,
the average of number of alleles recovered from 20-cells decreased when using LysePrep and
GlobalFiler™, recovering an average of 20 alleles (out of 42 possible; 48%) compared to an
average of 25 alleles (out of 30 possible) using AmpFLSTR™ IdentiFiler™ Plus. With
forensicGEM Sperm, the average allele recovery from 20-cells did not change, recovering an
average of 12 alleles (out of 42 possible; 29%), the same as AmpFLSTR™ IdentiFiler™ Plus.
Some improvement in allele recovery was observed for GlobalFiler™ in the lower cell numbers,
increasing the number of alleles recovered overall for both 1- and 2-cell samples. However,
overall allele recovery did not improve for the larger cell numbers. Additionally, fewer alleles
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were observed with forensicGEM sperm using GlobalFiler™ than with AmpFLSTR™
IdentiFiler™ Plus. Therefore, other aSTR kits were evaluated.
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Figure 9: DNA Profile of a 1-cell sample (left) and 20-cell sample (right) using GlobalFiler™ and LysePrep
Profiles generated using a 3130 genetic analyzer (left) and 3500 genetic analyzer (right). LDO indicates locus drop out. ADO indicates allelic drop out. Green
star indicates pull up. Purple star indicates increased stutter. Allele numbers and relative fluorescent units are listed below each allele. X-axis represents size (bp);
y-axis represents peak height (RFU).
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3.2.3. PowerPlex® Fusion 6C Results
The next amplification kit tested was PowerPlex® Fusion 6C (Table 4, Figure 10), which
amplifies 46 autosomal loci, 3 Y-chromosome loci, as well as a Y-Indel and Amelogenin.
Table 4: Allele Recovery Data for PowerPlex® Fusion 6C Results
The average number of alleles recovered and the average percent recovery per cell number and lysis kit using
PowerPlex® Fusion 6C.

Average Alleles Recovered
Forensic Gem
DEPArray
Sperm
LysePrep

Average Percent Recovery
Forensic Gem
DEPArray
Sperm
LysePrep

Cell Number

n

1-Cell

5

9

8

39

35

2-Cell

2

4

12

9

26

5-Cell

2

11

23

24

50

10-Cell

2

15

20

32

43

20-Cell

2

25

30

54

65

Figure 10: Boxplot of PowerPlex® Fusion 6C Allele Recovery Data
The boxplot shows the range of alleles recovered for each sperm sample using PowerPlex® Fusion 6C, lysed with
forensicGEM Sperm (blue) or LysePrep (red). Y-axis: number of alleles observed; x-axis: number of sperm cells
collected. Error bars are shown in black, outliers indicated by a black circle, extremes indicated by a star. For 1-cell
collections, n=5. For 2-, 5-, 10-, and 20-cell collections n=2.
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With PowerPlex® Fusion 6C, a higher number of alleles were recovered with 1-cell,
recovering 15 alleles (out of 23 possible; 65%) using LysePrep (Figure 11), an improvement
over the two other aSTR kits evaluated. Additionally, the average allele recovery for 1-cell
improved over the other a STR kits with PowerPlex® Fusion 6C, recovering an average of 8
alleles (out of 23 possible; 35%) using LysePrep and 9 alleles (out of 23 possible; 39%) using
forensicGEM Sperm. When increasing the sample size to 2-cells, the maximum number of
alleles recovered did not increase, recovering 21 alleles (out of 46 possible; 46%) using
LysePrep, compared to a maximum allele recovery of 29 alleles (out of 42 possible) using
GlobalFiler™ and LysePrep. Additionally, the average number of alleles recovered for 2-cells
did not increase with PowerPlex® Fusion 6C, recovering an average of 12 alleles (out of 46
possible; 26%) using LysePrep compared to GlobalFiler™, which recovered an average of 13
alleles (out of 42 possible) with the same lysis method. However, the average recovery for 2cells was improved in comparison to the other aSTR kits when using forensicGEM Sperm,
recovering an average of 4 alleles (out of 46 possible; 9%) using PowerPlex® Fusion 6C,
compared to 1 allele (out of 42 possible) achieved with GF and 2 alleles (out of 30 possible) with
AmpFLSTR™ IdentiFiler™ Plus. PowerPlex® Fusion 6C did show an increase in the maximum
alleles recovered using 5-cells, obtaining 34 alleles (out of 46 possible; 74%) using LysePrep, an
improvement over the previous two aSTR kits examined at any cell number. Additionally, the
average allele recovery for 5-cells was increased when using both lysis methods and PowerPlex®
Fusion 6C, recovering an average of 23 alleles (out of 46 possible; 50%) using LysePrep and 11
alleles (out of 46 possible; 24%) using forensicGEM Sperm. This trend continued for the 10-cell
samples, recovering a total of 36 alleles (out of 46 possible; 78%) using LysePrep and
PowerPlex® Fusion 6C, further improving the total allele recovery obtained using
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micromanipulation. The average alleles recovered for 10-cells also increased for both lysis
methods using PowerPlex® Fusion 6C, recovering an average of 20 alleles (out of 46 possible;
44%) using LysePrep and 15 alleles (out of 46 possible; 33%) using forensicGEM Sperm. For
20-cells, the maximum alleles recovered increased to 40 alleles (out of 46 possible; 87%) using
LysePrep and PowerPlex® Fusion 6C (Figure 11) as well as the average allele recovery,
obtaining 30 alleles (out of 46 possible; 65%) with LysePrep and 25 alleles (out of 46 possible;
54%) using forensicGEM Sperm. For this amplification kit, the LysePrep lysis method showed a
significant improvement in the recovery of alleles achieved at each cell number when compared
to forensicGEM sperm. PowerPlex® Fusion 6C showed a significant improvement over
AmpFLSTR™ IdentiFiler™ Plus and Globalfiler™ in allele recovery at 5-, 10- and 20-cells,
ultimately improving the total number of alleles recovered using micromanipulation.
Additionally, this amplification kit showed an improvement in the total allele recovery for 1-cell
samples as well. While these results were indeed promising, an additional aSTR kit was tested to
determine if increased allele recovery could be achieved from our micromanipulated samples.
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Figure 11: DNA Profile of a 1-cell sample (left) and 20-cell sample (right) using PowerPlex® Fusion 6C and LysePrep
Profiles generated using a 3500 genetic analyzer. LDO indicates locus drop out. ADO indicates allelic drop out. Green star indicates pull up. Purple star indicates
increased stutter. Allele numbers and relative fluorescent units are listed below each allele. X-axis represents size (bp); y-axis represents peak height (RFU).
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3.2.4. VeriFiler™ Plus Results
The last amplification kit tested was VeriFiler™ Plus (Table 5, Figure 12). This kit
amplifies 46 autosomal loci, as well as a Y-Indel and Amelogenin. VeriFiler™ Plus also includes
inhibition markers for each dye channel, which is a helpful tool for distinguishing between
possible effects from a degraded DNA sample versus PCR inhibition, the latter of which can be
resolved typically using various analysis strategies.
Table 5: Allele Recovery Data for VeriFiler™ Plus
The average number of alleles recovered and the average percent recovery per cell number and lysis kit using
Verifiler™ Plus.

Average Alleles Recovered
Forensic Gem
DEPArray
Sperm
LysePrep
4
9

Average Percent Recovery
Forensic Gem
DEPArray
Sperm
LysePrep
17
39

Cell Number

n

1-Cell

5

2-Cell

2

5

13

11

28

5-Cell

2

14

25

30

54

10-Cell

2

16

27

35

59

20-Cell

2

21

29

46

63
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Figure 12: Boxplot of VeriFiler™ Plus Allele Recovery Data
The boxplot shows the range of alleles recovered for each sperm cell sample using VeriFiler™ Plus, lysed with
forensicGEM Sperm (blue) or LysePrep (red). Y-axis: number of alleles observed; x-axis: number of sperm cells
collected. Error bars are shown in black, outliers indicated by a black circle; extremes indicated by a star. For 1-cell
collections, n=5. For 2-, 5-, 10-, and 20-cell collections n=2.

Using VeriFiler™ Plus, the maximum number of alleles recovered using a 1-cell sample
did not increase, recovering 14 alleles (out of 23 possible; 61%) using the LysePrep (Figure 13),
compared to the 15 alleles (out of 46 possible) recovered using PowerPlex® Fusion 6C and the
same lysis method. The average number of alleles recovered for 1-cell did increase with
VeriFiler™ Plus, recovering an average allele recovery of 9 alleles (out of 23 possible; 39%)
using LysePrep and 4 alleles (out of 23 possible; 17%) using forensicGEM Sperm, an
improvement over the other aSTR kits tested. The maximum allele recovery using 2-cells did not
increase with VeriFiler™ Plus, which recovered 29 alleles (out of 46 possible; 63%) using
LysePrep, which was achieved using GlobalFiler™ and LysePrep. However, again the average
allele recovery did increase when using VeriFiler™ Plus, recovering an average of 13 alleles
using LysePrep (out of 46 possible; 28%) and 5 alleles (out of 46 possible; 11%) using
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forensicGEM Sperm for the 2-cell samples, an improvement over all other aSTR kits tested. This
trend continued with 5-cells – while VeriFiler™ Plus did not show an improvement in the
maximum number of alleles recovered for the cell numbers, an improvement in the average
allele recovery was observed, with VeriFiler™ Plus recovering an average of 25 alleles (out of
46 possible; 54%) using LysePrep and 14 alleles (out of 46 possible; 30%) using forensicGEM
Sperm was achieved. This was seen again in the 10-cell samples, with VeriFiler™ Plus
recovering a maximum of 36 alleles (out of 46 possible; 78%) using LysePrep, the same that was
achieved with PowerPlex® Fusion 6C, however an increased average allele recovery of 27 alleles
(out of 46 possible; 59%) using LysePrep and 16 alleles (out of 46 possible; 35%) using
forensicGEM Sperm was observed, an improvement over the other aSTR kits tested. Finally, this
trend was seen as well in the 20-cell samples, with VeriFiler™ Plus recovering a maximum of 36
alleles (out of 46 possible; 78%) was achieved using LysePrep (Figure 13), which was less than
that recovered using PowerPlex® Fusion 6C and LysePrep, but improved the average allele
recovery for 20-cells, recovering an average of 29 alleles (out of 46 possible; 63%) with
LysePrep and 21 alleles (out of 46 possible; 46%) using forensicGEM Sperm. When comparing
the lysis methods used with this amplification kit, LysePrep was found to recover significantly
more alleles per profile than forensicGEM Sperm at every cell number. When comparing
amplification kits, VeriFiler™ Plus recovered more alleles than both AmpFLSTR™
IdentiFiler™ Plus and GlobalFiler™ and performed similarly to PowerPlex® Fusion 6C. These
kits will be further compared in the next section.
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Figure 13: DNA Profile of a 1-cell sample (left) and a 10-cell sample (right) using VeriFiler™ Plus and LysePrep
Profiles generated using a 3500 genetic analyzer. LDO indicates locus drop out. ADO indicates allelic drop out. Green star indicates pull up. Purple star indicates
increased stutter. Allele numbers and relative fluorescent units are listed below each allele. X-axis represents size (bp) and y-axis represents peak height (RFU).
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3.2.5. Method Determination
When comparing the two lysis methods, a higher allele recovery for each cell number at
each amplification kit was obtained using LysePrep and therefore was determined to be the
superior lysis method. When comparing the amplification kits (Figure 14), more allele recovery
was observed with PowerPlex® Fusion 6C and VeriFiler™ Plus compared to Globalfiler™ or
AmpFLSTR™ IdentiFiler™ Plus. For both 1-cell and 20-cell samples, PowerPlex® Fusion 6C
had a higher maximum number of alleles recovered, but VeriFiler™ Plus had a higher number of
alleles on average. After considering the four amplification kits and the different results
achieved, the method determined to be most suitable over the others was the VeriFiler™ Plus
amplification kit and LysePrep. While a greater number of alleles were observed using
PowerPlex® Fusion 6C, VeriFiler™ Plus had a more consistently high recovery of alleles, and
had better success using less cells than PowerPlex® Fusion 6C. Therefore, the optimized method
for recovery of sperm cells using micromanipulation is direct lysis using LysePrep, followed by
autosomal amplification using VeriFiler™ Plus.
.
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Figure 14: Boxplot of alleles recovered from each lysis and amplification kit.
Figure shows the number of alleles recovered in each profile obtained from using all four amplification kits with either lysis method. Y-axis shows the number of
alleles recovered; x-axis lists shows the number of cells collected. Red boxes show results obtained using AmpFLSTR™ IdentiFiler™ Plus, blue boxes show
results obtained Globalfiler™, green boxes show results obtained using PowerPlex® Fusion 6C, purple boxes show results obtained using Verifiler™ Plus.
Boxes with hash marks indicated samples lysed using forensicGEM Sperm, solid boxes indicate samples lysed with LysePrep. Error bars are shown in black,
outliers indicated by a black circle. For 1-cell collections, n=5. For 2-, 5-, 10-, and 20-cell collections n=2.
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CHAPTER 4: DETERMINING LIMIT OF DETECTION
Once the optimized method for recovering, lysing and amplifying sperm cells was
established, the next steps were twofold. First, the probative value of the DNA profiles obtained
using LysePrep and VeriFiler™ Plus was determined, and this information was used to
recommend the number of sperm cells needed to routinely recover probative information.
Second, the quality of the profiles was analyzed by evaluating the amount of allele drop-in and
stutter observed, which could potentially detract from the usefulness of the profiles in a casework
situation and thresholds were developed to overcome these effects.
4.1. Determining Probative Value
The probative value of the profiles obtained were evaluated by calculating the RMP of
each profile for each donor and comparing it to the RMP of the full donor profile. The RMP was
calculated by multiplying the population frequency of each loci. Heterozygote genotype
frequency (f) was calculated using f=2pq for each heterozygous allele, with “p” and “q”
representing the population frequency of each allele obtained, respectively, and the frequency of
heterozygote genotype with only one allele amplified due to allelic dropout (f) was calculated
using f=2p. Due to the nature of the profiles obtained, a stochastic threshold to determine the
homozygosity of an allele was not used; as such homozygous alleles were calculated as
heterozygous loci with allelic dropout as to not conflate the statistical value of the profiles
obtained. While there is no defined limit for what constitutes a probative profile, for this work
any profile with an RMP of 10-6 or 1 in 1 million was considered adequately probative for
potential use in casework.
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Table 6: Average Random Match Probability Per Donor.
Table shows the average of all random match probabilities calculated for each profile by cell number and donor
using the optimized method. Rightmost column shows the random match probability of the full donor profile with
all alleles recovered. For 1-cell collections, n=5. For 2-, 5-, 10- and 20-cell collections n=2

Donor

1-Cell

2-Cell

5-Cell

10-Cell

20-Cell

Full Profile

SE5

E-05

E-04

E-08

E-09

E-14

E-30

SE15

E-05

E-06

E-12

E-14

E-15

E-34

SE16

E-07

E-19

E-20

E-25

E-25

E-32

SE25

E-04

E-03

E-16

E-15

E-20

E-29

-

-

-

Figure 15: Boxplot of Average Random Match Probability Per Donor.
Figure shows the random match probability calculated for each profile obtained using the optimized method. Y-axis
shows the random match probability; x-axis shows number of cells collected. Error bars are shown in black; outliers
are indicated by a black circle. For 1-cell collections, n=5. For 2-, 5-, 10-, and 20-cell collections n=2

The results show that a probative profile was obtained for some of the 1-cell samples
(Figure 15), with one donor recovering an average RMP over our threshold, 10-7 (Table 6). For
2-cell samples, 2 donors recovered an average RMP over our threshold, with averages of 10-6 and
10-19. For 5-, 10-, and 20-cell samples, each donor achieved an average RMP over our probative
threshold, with no profiles recovered with an RMP below the threshold. Therefore, when
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suggesting a limit of detection with which to provide a probative DNA profile from the
minimum number of micromanipulated sperm cells, at least 5-cell samples should be used.
However, if the situation only allowed for 1- or 2-cell recoveries, there is still the possibility to
recover a probative profile.
4.1.1 Consensus Profiling
Another method used to evaluate LCN samples is with consensus profiling, which
involves amplification of multiple replicates of the same sample in order to create a single
profile. This method is used help overcome stochastic effects and ensure accuracy of the alleles
recovered. To produce a consensus profile, the different replicate profiles are compared and only
alleles which occur two or more times are included in the consensus profile. To test the validity
of using consensus profiling on micromanipulated sperm cells, consensus profiles were produced
with the replicates of each donor using both lysis methods for VeriFiler™ Plus, as several
replicates per donor were needed. For each 1-cell consensus profile, ten 1-cell samples were
used. For each 2-, 5-, 10- and 20-cell profile, four samples were used. To determine if allelic
recovery was impacted using this method, percent recovery (PR) of each consensus profile was
calculated (Table 7) along with the RMP (Table 8) to determine the probative value of the
consensus profiles created. These values were then compared to the PR (Figure 16) and RMP
(Figure 17) of the individual profiles.
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Table 7: Percent Recovery calculated for each consensus profile for each donor
Percent recovery was calculated per profile obtained for each donor and cell number using VeriFiler™ Plus with
both lysis methods. Replicates used to create consensus profiles: for 1-cell consensus profiles, n=10. For consensus
profiles created using 2-, 5-, 10-, and 20-cell samples n=4. Each cell number per donor contains data for one
consensus profile (n=1).

Donor

1-Cell

2-Cell

5-Cell

10-Cell

20-Cell

SE5

32

24

34

41

44

SE15

41

10

51

73

66

SE16

64

64

64

78

77

SE25

43

17

74

76

88

Figure 16: Boxplot of Percent Recovery for individual profiles compared to consensus profiles
A comparison of the percent recovery calculated for the consensus profile of each donor to the percent recovery
calculated for each profile obtainied per sample. Y-axis shows the percent recovery; x-axis lists shows the number
of cells collected. Red boxes show results obtained using consensus profiles, blue boxes show results obtained from
each individual profile. Error bars are shown in black, outliers indicated by a black circle. For the individual
profiles, 1-cell samples n=10 and 2-, 5-, 10- and 20-cell samples n=4. Replicates used to create consensus profiles
for 1-cell consensus profiles, n=10. For consensus profiles created using 2-, 5-, 10-, and 20-cell samples n=4. Each
cell number per donor contains data for one consensus profile (n=1).
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Table 8: Random match probability calculated for each consensus profile for each donor
Random match probability was calculated per profile obtained for each donor and cell number using VeriFiler™
Plus with both lysis methods Replicates used to create consensus profiles: for 1-cell consensus profiles, n=10. For
consensus profiles created using 2-, 5-, 10-, and 20-cell samples n=4. Each cell number per donor contains data for
one consensus profile (n=1).

Donor

1-Cell

2-Cell

5-Cell

10-Cell

20-Cell

SE5

E-07

E-05

E-08

E-09

E-10

SE15

E-11

E-01

E-12

E-19

E-16

SE16

E-22

E-20

E-20

E-25

E-26

SE25

E-07

E-02

E-16

E-18

E-20

-

-

-

-

Figure 17: Boxplot of random match probability calculated for consensus profiles compared to individual
profiles.
A comparison of the random match probability calculated for the consensus profile of each donor to the percent
recovery calculated for each profile obtainied per sample. Y-axis shows the random match probability; x-axis shows
the number of cells collected. Red boxes show results obtained using consensus profiles, blue boxes show results
obtained from each individual profile. Error bars are shown in black, outliers indicated by a black circle. For the
individual profiles, 1-cell samples n=10 and 2-, 5-, 10- and 20-cell samples n=4. Replicates used to create consensus
profiles for 1-cell consensus profiles, n=10 For consensus profiles created using 2-, 5-, 10-, and 20-cell samples n=4.
Each cell number per donor contains data for one consensus profile (n=1).
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For 1-cell samples, both the average PR and RMP were increased when using consensus
profiling. For 2-cell samples, the average PR and RMP did not change. For 5-cell samples, the
average PR did not change, and the average RMP increased slightly using consensus profiling.
For 10-cell samples, both the average PR and RMP increased using consensus profiling. For 20cell samples, the PR of alleles did not change, but the average RMP increased when using
consensus profiling. These results show that the 1-cell samples are more informative when
consensus profiling is used, as the consensus profile for each donor was able to achieve an RMP
over the probative threshold of 10-6. Furthermore, the PR and RMP did not decrease for any cell
numbers when using consensus profiling, which indicates that any future casework performed
using this method could use consensus profiling to increase the reliability of the alleles recovered
without detracting from the overall value of the profiles if enough replicates are available for
collection.
4.2. Analyzing Quality of DNA Profiles
The quality of profiles obtained using micromanipulation were analyzed for stochastic
effects that could potentially detract from the usefulness of a profile in a casework setting, such
as drop-in alleles or increased stutter which might be falsely attributed as an allele.
4.2.1. Stutter Analysis
To analyze the stutter produced from the profiles obtained, the height of the allele and the
height of stutter peak were recorded, and then the height of the stutter peak was divided by the
allelic peak height to produce a stutter ratio (SR) [63, 64]. The SR was then multiplied by 100 to
produce the percent height of the stutter peak compared to the allelic peak. Each locus already
had a threshold determined by the manufacturer of VeriFiler™ Plus to filter out stutter produced
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in a reaction using the manufacture’s recommended conditions including DNA input and cycle
number. These filters were not used when examining the profiles for instances of stutter at each
locus. Once the percent height of each stutter peak was determined, each instance of stutter was
plotted on a graph with the manufacturer’s reported stutter thresholds indicated by a red line.
Next, the average of the stutter peak heights was calculated as well as the standard deviation. The
average stutter peak height plus a number of standard deviations higher were used to calculate
the new stutter thresholds that would filter out the increased stutter seen in the profiles. The two
thresholds that were considered used one standard deviation higher than the average, a more
conservative threshold, as well as three standard deviations higher. By using more standard
deviations, the likelihood of filtering out more stutter peaks increases as does the chance to filter
out true alleles. The new threshold using one standard deviation is indicated by a green line on
the graphs, while the new threshold using three standard deviations is indicated by a yellow line
on the graphs. The first stutter type analyzed this way was the most common stutter peak
observed, n-1, evaluated by loci and dye channel [56-58].
Table 9: Stutter peak data (n-1) for 6-FAM™ (blue channel) using VeriFiler™ Plus
The percent stutter average was calculated along with the standard deviation. The manufacturer’s threshold is listed
for reference, as well as the new threshold calculated using 1 standard deviation and 3 standard deviations.
Replicates for each locus: D3S1358 n = 124, vWA n = 116, D16S539 n = 55, CSF1PO n = 20, D6S1043 n = 11.

Locus

Percent Stutter
Average

Std. Dev

Kit
Threshold

New Threshold
(+1 SD)

New Threshold
(+3 SD)

D3S1358

20.19

7.08

12.61

27.3

41.4

vWA

21.56

12.39

11.86

34.0

58.7

D16S539

17.07

12.73

11.19

29.8

55.3

CSF1PO

12.09

5.21

11.00

17.3

27.7

D6S1043

15.39

7.26

12.05

22.7

37,1
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Figure 18: Stutter peaks (n-1) observed in 6-FAM™ (blue channel) using VeriFiler™ Plus
The percent stutter height is shown for each instance of stutter. Y-axis indicates percent stutter height; top x-axis
shows locus; bottom x-axis indicates allele designation. Data points are indicated with blue circles. The
manufacturer’s threshold is represented by the red line, the new calculated threshold using 1 standard deviation is
indicated by the green line, the new calculated threshold using 3 standard deviations is indicated by the yellow line.
Replicates per locus: D3S1358 n = 124, vWA n = 116, D16S539 n = 55, CSF1PO n = 20, D6S1043 n = 11.

For the blue dye channel (Figure 18, Table 9), a significant amount of stutter is shown above the
kit threshold for each locus, showcasing that increased stutter products are indeed present in our
samples. The increase in stutter height frequently produces stutter peaks above the kit threshold,
with an average stutter height ranging from 12-21%. Some stutter peaks were observed up to
95% of the height of the true allele (locus D16S539), which could prove to be challenging for
those analyzing these profiles. While it would be difficult to filter out stutter of that height
without losing alleles, the stutter thresholds developed using 1 standard deviation are able to
filter out the 80-96% of the stutter seen, while the stutter thresholds using three standard
deviations successfully filtered out 97-100% of the stutter seen. The results also showed an
increase in instances of stutter peaks in the first two loci, which could be attributed to the smaller
size of those loci, which could allow them to be more frequently amplified to completion by the
DNA polymerase thus increasing the stochastic effects seen.
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Table 10: Stutter peak data (n-1) for VIC ™ (green channel) using VeriFiler™ Plus
The percent stutter average was calculated along with the standard deviation. A new threshold was calculated using
1 standard deviation and 3 standard deviations. The kit threshold is listed for reference. Replicates used to calculate
the averages: D8S1179 n = 142, D21S11 n = 61, D18S51 n = 51.

Locus

Percent Stutter
Average

Std.
Dev

Kit
Threshold

New Threshold
(+1 SD)

New Threshold
(+3 SD)

D8S1179

18.20

11.03

11.54

29.2

51.3

D21S11

16.45

6.16

13.83

22.6

34.9

D18S51

25.77

17.07

13.73

42.8

77.0

D5S818

n.d.

n.d.

10.90

n.d.

n.d.

Figure 19: Stutter peaks (n-1) observed in VIC ™ (green channel) using VeriFiler™ Plus
The percent stutter height is shown for each instance of stutter. The percent stutter height is shown for each instance
of stutter. Y-axis indicates percent stutter height; top x-axis shows locus; bottom x-axis indicates allele designation.
Data points are indicated with green circles. The kit threshold is represented by the red line, the new calculated
threshold using 1 standard deviation is indicated by the green line, the new calculated threshold using 3 standard
deviations is indicated by the yellow line. Replicates used per locus: D8S1179 n = 142, D21S11 n = 61, D18S51 n =
51.
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In the green channel, a high instance of increased stutter peaks was observed above the kit
threshold, with an average stutter height ranging from 16-25% (Figure 19, Table 10).
Additionally, stutter peaks were observed that were up to 90% of the allele height (seen in locus
D8S1179). However, the majority of the stutter peaks observed in the samples were below 40%
of the allele height. Using the new thresholds calculated for each locus, 91-95% of the stutter
peaks observed were successfully filtered out using the threshold with one standard deviation,
while 98-100% of the stutter was successfully filtered out using the threshold with three standard
deviations. No data was obtained for the locus D5S818, as it was not frequently amplified in the
profiles, and any alleles that were present did not produce stutter. In these instances, the kit
threshold should be used since a new threshold could not be determined.
Table 11: Stutter peak data (n-1) for TED™ (yellow channel) using VeriFiler™ Plus
The percent stutter average was calculated along with the standard deviation. A new threshold was calculated using
1 standard deviation and 3 standard deviations. The kit threshold is listed for reference. Replicates used to calculate
the averages: D2S441 n = 118, D19S43 n = 19, FGA n = 94.

Locus

Percent Stutter
Average

Std.
Dev

Kit
Threshold

New Threshold
(+1 SD)

New
Threshold
(+3 SD)

D2S441

14.96

10.82

9.71

25.8

47.4

D19S43

11.05

8.67

11.00

19.7

37.0

FGA

15.76

7.83

14.01

23.6

39.3

D10S1248

n.d.

n.d.

12.48

n.d.

n.d.

51

Figure 20: Stutter peaks (n-1) observed in TED™ (yellow channel) using VeriFiler™ Plus
The percent stutter height is shown for each instance of stutter. The percent stutter height is shown for each instance
of stutter. Y-axis indicates percent stutter height; top x-axis shows locus; bottom x-axis indicates allele designation.
Data points are indicated with yellow circles. The kit threshold is represented by the red line, the new calculated
threshold using 1 standard deviation is indicated by the green line, the new calculated threshold using 3 standard
deviations is indicated by the yellow line Replicates per locus: D2S441 n = 118, D19S43 n = 19, FGA n = 94.

For the yellow dye channel, an increased stutter peak height was again observed, with the
average stutter height between 11-16% (Figure 28, Table13) with a peak height up to 80% of the
allele height (seen at locus D2S441). With the implementation of new stutter thresholds, 89-94%
the of the stutter seen at was successfully filtered out when using a threshold with one standard
deviation, and 95-98% was successfully filtered out using a threshold with three standard
deviations. Additionally, no stutter data was retrieved for locus D10S1248.
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Table 12: Stutter peak data (n-1) for TAZ™ (red channel) using VeriFiler™ Plus
The percent stutter average was calculated along with the standard deviation. A new threshold was calculated using
1 standard deviation and 3 standard deviations. The kit threshold is listed for reference. Replicates used to calculate
the averages: D22S1045 n = 73, D1S1656 n = 107, D13S317 n = 73, D7S820 n = 6, Penta E n = 15.

Locus

Percent Stutter
Average

Std.
Dev

Kit
Threshold

New Threshold
(+1 SD)

New Threshold
(+3 SD)

D22S1045

20.64

13.39

19.04

34.0

60.8

D1S1656

20.60

7.22

15.20

27.8

42.3

D13S317

9.89

9.23

11.00

19.1

37.6

D7S820

5.61

2.40

9.83

9.8

12.8

Penta E

10.77

5.49

7.99

16.3

27.2

Figure 21: Stutter peaks (n-1) observed in TAZ™ (red channel) using VeriFiler™ Plus
The percent stutter height is shown for each instance of stutter. The percent stutter height is shown for each instance
of stutter. Y-axis indicates percent stutter height; top x-axis shows locus; bottom x-axis indicates allele designation.
Data points are indicated with red circles. The kit threshold is represented by the red line, the new calculated
threshold using 1 standard deviation is indicated by the green line, the new calculated threshold using 3 standard
deviations is indicated by the yellow line. Replicates per locus: D22S1045 n = 73, D1S1656 n = 107, D13S317 n =
73, D7S820 n = 6, Penta E n = 15.

For the red dye channel, an increase in stutter peak height was again observed, with the average
stutter peak height between 5-20% of the allele height (Table12, Figure 21), with the presence of
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stutter peaks up to 99% of our allele height (seen at locus D22S1045). With the development of
new stutter thresholds, 80-95% of the stutter was filtered out when using a threshold with one
standard deviation, and 96-100% of the stutter was filtered out when using a threshold with thee
standard deviations. However, for D7S820 the calculated threshold with one standard deviation
was lower was lower than the kit threshold, likely due to the low number of stutter instances
observed, and with more replicates a more accurate threshold could likely be developed. In this
instance, using the kit threshold or the threshold with three standard deviations would be
recommended.
Table 13: Stutter peak (n-1) data for SID™ (purple channel) using VeriFiler™ Plus
The percent stutter average was calculated along with the standard deviation. A new threshold was calculated using
1 standard deviation and 3 standard deviations. The kit threshold is listed for reference. Replicates used to calculate
the averages: Penta D n = 114, TH01 n = 50, D12S391 n = 61, D2S1336 n = 5, TPOX n = 8.

Locus

Percent Stutter
Average

Std.
Dev

Kit
Threshold

New Threshold
(+1 SD)

New Threshold
(+3 SD)

Penta D

9.28

9.57

4.59

18.9

38.0

TH01

14.43

19.17

5.55

33.6

72.0

D12S391

27.95

13.52

15.61

41.5

68.5

D2S1336

53.50

18.06

16.69

72.1

N.A.

TPOX

10.68

3.88

5.82

14.6

22.3
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Figure 22: Stutter peaks (n-1) observed in SID™ (purple channel) using VeriFiler™ Plus
The percent stutter height is shown for each instance of stutter. The percent stutter height is shown for each instance
of stutter. Y-axis indicates percent stutter height; top x-axis shows locus; bottom x-axis indicates allele designation.
Data points are indicated with purple circles. The kit threshold is represented by the red line, the new calculated
threshold using 1 standard deviation is indicated by the green line, the new calculated threshold using 3 standard
deviations is indicated by the yellow line. Replicates per locus: Penta D n = 114, TH01 n = 50, D12S391 n = 61,
D2S1336 n = 5, TPOX n = 8

In the purple dye channel, stutter peak heights were observed at an average between 9-53% of
the allele height (Table 15, Figure 30). This value might be conflated due to the low number of
data points for locus D2S1336. With the implementation of the new thresholds, 90-94% of stutter
was filtered out for Penta D, TH01, and D12S391 when using the threshold with one standard
deviation, and 96-100% was filtered out when using the threshold with three standard deviations.
However, as locus D2S1228, only contained four data points, all of which did not seem have any
consistency in peak height, impacting the accuracy of the threshold. The threshold calculated for
this locus using one standard deviation was 72.1%, which is quite large and very likely to filter
out any true alleles that might occur in the stutter position and only filtered out 75% of the stutter
seen. The threshold calculated for this locus using three standard deviations was over 100%, and
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therefore cannot be used. To calculate a more accurate threshold for these two loci, more data
points would need to be evaluated.
When evaluating n-1 stutter, the results showed that at every single locus, stutter was
observed well above the suggested stutter threshold for a typical amplification with VeriFiler
Plus, thus implementation of a new threshold is necessary to filter stutter out when analyzing
profiles produced from micromanipulated sperm cells. The method used to calculate the stutter
height and produce a new threshold proved useful in removing the majority of all stutter for most
loci, except those in which more data is needed. Further research should be done to collect more
replicates for loci not typically amplified in LCN samples to determine more accurate thresholds.
Other types of stutter were observed in the profiles obtained using micromanipulation,
including n-2, n-3, and n-4 as well as n+1 stutter. While these stutter types were present in the
samples and could likely lead to the false attribution of alleles, they were not observed with
enough frequency at enough loci, thus more samples should be obtained before evaluating the
impact of these types of stutter on the value of the profiles.
4.2.2. Drop-In Analysis
After completing stutter analysis, the profiles were then analyzed for allele drop-in.
Allele drop-in is the presence of an allele that is not attributable to the donor profile. In LCN
samples, allele drop-in can be attributed to either contamination, or the development of spurious
alleles due to stochastic effects. For our analysis purposes, peaks located in stutter positions were
not counted as drop-in alleles, since an increased stutter presence due to our amplification
methods was already recognized. To evaluate the impact of drop-in on our profiles, the total
number of drop-in alleles as well as the total number of alleles calls per sample were recorded.
The number of drop-in alleles was divided by the total number of allele calls to obtain the
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percentage of overall alleles that were attributed to drop-in (Table 14). Furthermore, the number
of samples that had drop-in alleles present was divided by the total number of profiles analyzed
to determine the percentage with which drop-in effects our profiles (Table 15).
Table 14: Drop-In Analysis Results.
Total number of drop-in alleles calls and total number of allele calls is listed and the percent drop-in is listed. For 1cell collections n=20, for 2-, 5-, 10-, and 20-cell collections n=8.

Cell Number
1
2
5
10
20

Number of Drop-in Alleles
Observed
20
14
66
87
81

Total Number
of Allele Calls
257
109
241
282
260

Percent
Drop In
7.78
12.84
27.39
30.85
31.15

Table 15: Profiles with drop-in.
The number of profiles that contained at least one instance of drop-in, and the total number of profiles analyzed. The
percentage of profiles containing drop-in was calculated. For 1-cell collections n=20, for 2-, 5-, 10-, and 20-cell
collections n=8.

Cell Number
1
2
5
10
20

Number of Profiles with
Drop-In Observed
9
3
7
6
5

Total Number of
Profiles
20
8
8
8
8

Percent
Profiles with Drop-In
45
37.5
87.5
75
62.5

For 1-cell samples, the percentage of drop-in alleles was low at ~8% while 45% of the profiles
showed at least one instance of drop in. For 2-cell samples, the number of drop-in alleles
increased to ~13% of total allele calls, with ~ 38% of our samples showing at least one instance
of drop in. For 5-cell samples, the number of drop-in alleles increased to ~27% of allele calls,
with 87.5% of all profiles showing at least one instance of drop-in. For 10-cells, the number of
drop-in alleles increased slightly to ~31% of the alleles recovered, with 75% of profiles showing
at least one instance of drop-in. For 20-cells, the number of drop-in alleles obtained did not
increase, while the number of samples showing at least one instance of drop-in decreased. These
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results show that while the presence of drop-in was significant it did not account for higher than
~31% percent in any cell number. Drop-in alleles had the least amount of impact on the 1-cell
profiles, however the impact of drop-in increased significantly between 2- and 5-cells. 5-, 10and 20-cell samples all had similar instances of drop-in, with over half the profiles obtained
showing at least one drop-in allele. Therefore, the next step was to determine a method to filter
out potential stutter while retaining the true allele calls in our profiles.
4.2.3 Overcoming drop-in
To overcome drop-in that could affect the quality of the DNA profiles obtained using
micromanipulation, a new analysis threshold was created. During analysis of DNA profiles using
the GeneMapper ID-X software, an analysis threshold is used to filter out any baseline noise
from being called as an allele by the software. The analysis threshold is determined through
internal validation studies performed by each lab prior to use. A universal default threshold of
150 RFUs is used prior to empirical study-specific threshold determinations. This is typically
created using blank samples and determining the intensity difference between the highest peak
and the lowest trough. However, according to SWADGM guidelines, a threshold can be created
using samples with alleles present [65], as the presence of alleles amplifies stochastic effects and
this increase could create spurious allele calls in the GeneMapper ID-X Software. Therefore, the
analysis threshold was re-calculated using positive samples. To do this, the difference in
intensity of the highest peak observed (not including allele calls) and the lowest trough was
observed at each dye channel per cell number. These values were then combined to determine
the average height of the stochastic threshold as well as the standard deviation. To calculate the
new analysis, the average RFU height plus one standard deviation was used to determine a new
value that would filter out most stochastic amplifications (Table 16).

58

59

Table 16: Stochastic threshold calculation results.
The stochastic threshold was calculated to overcome stochastic effects produced with LCN profiles. The difference
in height from the highest non-allele peak and the lowest trough for each dye channel in each sample was calculated.
The average of these values is shown in the table, as well as the standard deviation. These two values were added
together and rounded to the nearest replicate of 5 to create a stochastic threshold for each dye channel for each cell
number. For 1-cell samples, n=25. For 2-, 5-, 10-, and 20-cell samples, n=10.

Cell Number Dye Channel

1-Cell

2-Cell

5-Cell

10-Cell

20-Cell

Average RFUs
60
165
97
126
196
60
175
103
140
242
104
290
180
186
471
191
272
250
239
471
219
405
313
273
626

Standard Deviation
35.84
115.77
79.34
90.39
268.59
35.62
163.92
70.29
83.03
210.78
63.85
153.59
93.04
97.67
247.21
136.99
175.63
192.02
164.60
243.05
126.84
182.03
186.06
185.79
310.42

Suggested Threshold
150
280
175
220
465
150
340
170
225
455
170
445
275
285
720
330
450
445
405
285
345
590
500
460
940

After implementation of the stochastic threshold, the instances of drop-in decreased for each cell
number (Table 17). For 1-cell samples, drop-in alleles contributed to ~3% of all allele calls,
compared to ~7% without the threshold. Additionally, the number of profiles observed with
drop-in present decreased from 45% to 30% with the new threshold (Table 18). For 2-cells, the
incidence of drop-in decreased from ~13% to ~8% with the stochastic threshold, and while the
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number of profiles with drop-in present did not change. For 5-cells, the number of drop-in alleles
decreased from ~27% to ~18%, and the number of profiles with drop-in present decreased from
~88% to ~62%. For 10-cells, the incidence of drop-in decreased from ~31% to ~21% and the
number of samples with drop-in present did not change. For 20-cells, the incidence of drop-in
decreased from ~31% to ~12% and the number of profiles with drop-in present did not change.
Overall, the implementation of the stochastic threshold was successful in decreasing the
incidence of drop-in seen in each cell numbers by 28-50%.
Table 17: Drop-In analysis after implementation of a new stochastic threshold
Total number of drop-in alleles calls, and total number of allele calls is listed, and the percent drop-in is listed. For
1-cell collections n=20, for 2-, 5-, 10-, and 20-cell collections n=8.

Cell
Number
1
2
5
10
20

Number of Drop-in
Alleles Observed
6
8
34
41
24

Total Number of Allele
Calls
231
99
193
196
194

Percent Drop In
2.60
8.08
17.62
20.92
12.37

Table 18: Analysis of profiles containing drop-in
The number of profiles that contained at least one instance of drop-in, and the total number of profiles analyzed. The
percentage of profiles containing drop-in was calculated.

Cell
Number
1
2
5
10
20

Samples with Drop-in
Present
6
3
5
6
5

Total Number of
Samples
20
8
8
8
8

Percent of Samples with
Drop-In
30
37.5
62.5
75
62.5

To ensure that the new stochastic threshold did not significantly decrease the number of true
alleles recovered, percent difference in allele recovery before and after implementation of our
threshold was calculated (Table 19). For 1-, 2- and 20-cell samples, the number of alleles
recovered decreased by only 4-5%. For 5-cell samples, the number of alleles recovered
decreased by ~9%. For 10-cell samples, the number of alleles recovered decreased by 20%.
There was a higher decrease in allele recovery for 5- and 10-cells samples after implementation
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of the stochastic threshold, however it did not significantly impact the allele recovery for our 1-,
2- and 20-cell samples. Further testing should be done using all cell numbers to ensure the
reliability of the stochastic threshold and its effect on allelic recovery. However, the data here
shows that the presence of drop-in alleles can be significantly decreased using the stochastic
threshold without effecting recovery of alleles in our 1-, 2- and 20-cell samples.
Table 19: Impact of stochastic threshold of allele recovery
True allele calls were counted in total both before and after application of the stochastic threshold to determine the
impact of the threshold to allele recovery. The percent difference of these values was also calculated. For 1-cell
collections n=20, for 2-, 5-, 10-, and 20-cell collections n=8.

Cell Number

True Allele Calls
before Threshold

True Allele Calls after
Threshold

Percent Difference

1

237

225

5.06

2

95

91

4.21

5

175

159

9.14

10

195

155

20.5

20

179

170

5.02

.
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CHAPTER 5: CONCLUSION
The main goal of this work was to develop methods that would permit the recovery and
aSTR analysis of single or few sperm cells from late reported sexual assault evidence. While a
few sperm cell recovery methods have been previously described, they each have disadvantages
and have failed to be successfully integrated into U.S. crime laboratories. Therefore, this project
focused on the evaluation of simplified micromanipulation as well as enhanced amplification
strategies to produce a probative aSTR profile from single- or few-sperm cell samples.

The first aim of this study was to determine the most efficient lysis and amplification
method for use with micromanipulated sperm cells. Four aSTR amplification kits were
evaluated, AmpFLSTR™ IdentiFiler™ Plus, GlobalFiler™, PowerPlex® Fusion 6C, and
VeriFiler™ Plus and two direct lysis methods, forensicGEM Sperm and LysePrep. After each
collection, the allele recovery of each profiles was determined, and the percent recovery of each
profile was calculated. Our results concluded that the LysePrep method was the advantageous
method, as it allowed for higher allelic recovery at all cell numbers with each amplification kit.
Our results also determined that the best performing amplification kits were PowerPlex® Fusion
6C and VeriFiler™ Plus, which both kits amplifying up to 46 autosomal loci. When comparing
the performance of both amplification kits using the LysePrep method, our results showed that
while PowerPlex® Fusion 6C recovered the greatest maximum number of alleles, VeriFiler™
Plus had a higher average allele recovery at all cell numbers and thus was deemed to be the more
routinely successful kit. Therefore, the optimized method that produced the highest recovery of
alleles from micromanipulated sperm was lysis using the LysePrep method and amplification
using VeriFiler™ Plus.
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The second aim of the study was to determine a limit of detection for the optimized
method. This was done by determining the probative values of the samples obtained by
calculating the random match probability of each profile. These results showed that even 1-cell
profiles were able to obtain a 106 (1 in a million) power of discrimination, although this was not
routinely achieved in all 1-cell samples. Our results showed that to routinely achieve a probative
profile 5-sperm cells should be used. However, consensus profiling with multiple 1-cell
replicates (e.g.10 replicates) could be used to improve the recovery of more probative profiles
from samples containing less than 5-sperm cells. Furthermore, the quality of the profiles
produced using the optimized method was evaluated by analyzing the impact of stochastic
effects seen, specifically that of increased n-1 stutter peaks drop-in alleles. The results showed
that there was a significant increase in the height of n-1 stutter peaks formed using the optimized
method, and new, higher thresholds were calculated that successfully filtered out the majority of
these peaks. The presence of drop-in alleles was evaluated and shown to be present in our LCN
samples, however an analysis threshold was developed that helped to eliminate 28-50% of
spurious allele formations seen in the profiles.

While this project shows that probative, reliable aSTR profiles can be retrieved from 1 to
20 sperm cells, further research needs to be conducted to verify the accuracy of the thresholds
used. Additionally, further research should be conducted to allow for the optimal recovery of a
full aSTR profile. This method should also be further tested on simulated mixtures and genuine
post-coital samples. While work still needs to be conducted, this project resulted in the
development of a novel simplified method for recovery of sperm cells that could prove to be
beneficial in sexual assault casework.
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